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New neurons are continuously generated in two adult brain regions: the subgranular zone
of the hippocampus and the subependyma by the lateral ventricles, referred to as the neu-
rogenic niches. During their development from neural stem cells to mature functionally
integrated neurons numerous choices are made, such as proliferation or quiescence, cell
survival or death, migration or establishment, growth or retraction of processes, synaptic
assembly or pruning, or tuning of synaptic transmission.The process is altered by physio-
logical stimuli as well as several brain diseases. Microglia are located within the neurogenic
niches and have become interesting candidates for modulating neurogenesis in both the
healthy and injured brain. They become activated by foreign antigens or changes in the
brain homeostasis and transform this innate immunity into an adaptive immune response
by recruiting systemic immune cells. Most studies report an acute decrease in the sur-
vival of new neurons following this classically activated microglia reaction.The long-term
effects are more complex. In neurodegenerative diseases, microglial activation is more
heterogeneous and the transformation from a pro- to an anti-inﬂammatory cytokine proﬁle
and the deactivation of microglia is not well deﬁned.The diversity is reﬂected by numerous
reportsdescribingbothbeneﬁcialanddetrimentaleffectsonneurogenesis,primarilyonthe
proliferation, survival, and cell fate. However, relatively few studies have investigated alter-
ations at later stages of neurogenesis including the functional integration.Though likely, it
is not established how a ﬁne-tuned cross-talk between microglia and adult-born neurons
would work and how it changes upon microglia activation.This review will therefore launch
three hypotheses for how microglia might direct synaptic integration of newborn neurons,
currently a fast expanding research ﬁeld.
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FROM NEURAL STEM CELLS TO MATURE FUNCTIONALLY
INTEGRATED NEURONS – CHOICES TO BE MADE
Neurogenesispersistsintwoadultbrainregions:thesubependyma
of the lateral ventricles and the subgranular zone (SGZ) of the
hippocampal dentate gyrus. In the subependymal layer, multipo-
tential, self-renewing stem cells are the source of newly gener-
ated neurons migrating through the rostral migratory stream and
incorporatingintotheolfactorybulbasinterneurons(Seabergand
vanderKooy,2002).Newolfactoryneuronsarethoughttopartic-
ipateinbothlong-termolfactorymemoryandpredatoravoidance
(Sakamotoetal.,2011;Sultanetal.,2011).FromtheSGZ,neuronal
and glial progenitors with limited self-renewal capacity migrate
intothegranulecelllayeranddevelopprimarilyintogranulecells,
a few becomes interneurons (Seaberg and van der Kooy, 2002;
Liu et al., 2003; Livneh and Mizrahi, 2011). The integration of
new hippocampal neurons in the adult brain occurs over several
months, with an initial tonic GABA-induced depolarization con-
verting into an intermittent GABA-mediated hyperpolarization
when the cells are 3weeks of age (Ge et al., 2008). Mature excita-
torysynapsesarevisualizedatabout2months,whilespinedensity
increases in the new neurons up to 6months of age (Zhao et al.,
2006). Simultaneously,axons grow and establish either functional
glutamatergic synapses with hilar interneurons, mossy cells and
CA3 pyramidal neurons (Toni and Sultan, 2011) or occasionally
GABAergicinhibitorysynapseswithgranulecells(Liuetal.,2003).
The continuous integration of adult-born hippocampal neurons
is important for synaptic transmission and bidirectional plasticity
inthedentategyrus.Itissuggestedtoaccountforanefﬁcientinte-
gration of novel incoming information and in memory formation
(Dupret et al.,2008; Massa et al.,2011; Sahay et al.,2011), such as
pattern separation and pattern integration (Deng et al., 2010).
Thedevelopmentof adult-bornneuronsmayalsobedescribed
as a continuous decision process. Neural stem cells/progenitors
will have to decide whether to proliferate or stay in quiescence.
Almost immediately after birth some cells undergo apoptotic
death, while others survive. The surviving cells will choose a neu-
ronal or glial fate and thereafter either stay and establish contacts
within the SGZ or subependyma,the so-called neurogenic niches,
or migrate into other brain regions. The integration of new neu-
rons includes both growth and retraction of dendrites and axons,
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assembly and pruning of excitatory and inhibitory synapses, and
homeostatic tuning of the established synaptic transmission. It
becomes evident that in order for the new neurons to make the
mostappropriatechoicesfortheoverallfunctionof thesurround-
ing network, they are dependant on environment cues at most
likely all developmental stages.
THE NEUROGENIC NICHE
It is conceivable that the local circuitries within the adult neu-
rogenic niches have region-speciﬁc instructive roles in directing
neuronal production and stem cell maintenance. It has even been
suggestedthattheymayshieldongoingneurogenesisfrompossible
external inhibitory inﬂuences (Riquelme et al.,2008). The neuro-
genicnichesconsistsof severalcelltypesandstructures,including:
(1)astrocytesthatenvelopandcontactallcelltypesandstructures
in the niche, secret diffusible signals, and form a gap junction-
dependant syncytium by which they propagate signals and may
regulate activation and differentiation of stem cells. They also act
asneuralstemcells/precursors(Riquelmeetal.,2008),(2)ependy-
mal cells by the subependymal layer that regulate the absorption
of ions, transport factors from the cerebral spinal ﬂuid into the
parenchyma, and act as a source of secreted pro-neurogenic fac-
tors like transforming growth factor (TGF)-α and basic ﬁbrob-
last growth factor (Riquelme et al., 2008), (3) blood vessels that
undergo a parallel angiogenesis within the niche and often use
common factors with neurogenesis such as vascular endothelial
growth factor, nitric oxide and erythropoietin (Riquelme et al.,
2008),(4)meningealprojections,extracellularmatrix(ECM)pro-
teins, basal lamina, and perivascular cells and ﬁbroblasts, which
propagate or modulate signals from the blood vessels and cere-
bral spinal ﬂuid as well as from surrounding brain parenchyma.
Emergingevidenceunderscoretheimportantinteractionbetween
the adult-born neurons and ECM proteins. Cell adhesion to
its environment includes matrix components, extracellular pro-
teolytic enzymes, integrins, and non-receptor tyrosine kinases,
which inﬂuence both gene expression and post-transcriptional
signaling cascades (Riquelme et al., 2008; Wojcik-Stanaszek et al.,
2011), (5) interneurons and other neighboring mature neurons
already highly integrated into the hippocampal network, which
may modulate neurogenesis by activity- and signaling-dependent
mechanisms (Markwardt et al., 2011; Masiulis et al., 2011; Toni
and Sultan, 2011), (6) oligodendrocytes, which are numerous in
the subependyma but few in the SGZ. Their interaction with the
neural progenitor cells is, however, so far unclear (Morrens et al.,
2012), and (7) myeloid cells including microglia and dendritic
cells, which are located in close proximity to the newborn neu-
rons, where their activity correlates with the neurogenic response
(Ekdahl et al., 2003; Monje et al., 2003; Bulloch et al., 2008; Sierra
et al.,2010).
MICROGLIAL ACTIVATION IN THE ADULT BRAIN
A microglia activation proﬁle is constantly modulated by either
initiating factors, such as pathogen- or damage-associated mol-
ecular patterns (Schratt et al., 2006; Aronica and Crino, 2011)
or alterations in electromagnetic ﬁelds (Richerson et al.,2005),or
intracellulartransducingsignals,orfeed-forwardloopsamplifying
resolution mechanisms, or feed-back loops as counter-regulators
(Glass et al., 2010). During brain pathology, the microglial acti-
vation is often divided into two phenotypic proﬁles: the classical
M1 and the alternative M2 activation/deactivation state (Gordon,
2003; Mosser, 2003; Michelucci et al., 2009). The classical M1
activation occurs as microglia encounter a foreign antigen. The
microgliaactasaﬁrstlineof defenseandparticipateintransform-
ing the innate immunity into an adaptive immune response by
recruiting systemic immune cells. The alternative and deactivated
M2 phenotype, sometimes called “neuroprotective,” is important
whenswitchingfromaclassicalinﬂammatoryresponsetoareduc-
tionof pro-inﬂammatorymediators,anincreasedproductionand
release of anti-inﬂammatory cytokines, neurotrophic factors, and
a production of cytoactive factors involved in repair and restruc-
turing of the damaged ECM in the brain. However, these M2
phenotypes may also participate in chronic“neuroinﬂammation”
in the brain (Colton, 2009). The heterogeneity becomes evident
in for instance neurodegenerative diseases,where the transforma-
tion from a pro- to an anti-inﬂammatory cytokine proﬁle and the
deactivationof microgliaisneithertemporallynorspatiallyclearly
deﬁned. There are even suggestions for a dysfunctional microglia
phenotype following long-lasting activation (Graeber,2010).
In the healthy brain, microglia and/or perivascular cells have
been suggested to form an “immunological blood–brain barrier”
between the brain parenchyma and the vascular system. However
upon activation, by for instance sterile inﬂammation following
trauma, ischemia, or chemical damage, these cells may instead
recruitblood-bornneutrophilsandmacrophagesandincreasethe
amount of tissue damage (Perry, 2010; Rock et al., 2010; Graeber
etal.,2011;YirmiyaandGoshen,2011).Simultaneously,microglia
seems to be able to protect neurons from systemic immune cells
by direct engulfment of invading neutrophils (Neumann et al.,
2008). Other circulating immune cells are, though, required to
maintain and sense brain homeostasis through the choroid plexi,
brainmeningesandthecerebralbloodﬂuid.Forinstance,recruit-
ment of systemic circulating T cells speciﬁc to CNS antigens
can promote the termination of a local neurotoxic inﬂammatory
response together with microglia of a “neuroprotective” pheno-
type (Ziv et al., 2006; Shechter et al., 2009; Ron-Harel et al.,
2011). Taken together, these ﬁndings suggest that the activation
state of the microglia is closely intermingled with the alertness
of systemic immune cells and that there may be a bidirectional
cross-talk.
HETEROGENEOUS MICROGLIAL POPULATION WITHIN THE
NEUROGENIC NICHES – REGION SPECIFICITY?
Microglial density and phenotype differ between regions of the
healthy brain, which could implicate functional differences and
sensitivity to the surrounding environment (Lawson et al., 1990;
Olah et al., 2011). Also within the subependymal layer of the
healthy adult rat brain, microglia constitute a heterogeneous cell
population. Here, the vast majority of ionized calcium-binding
adapter molecule 1 (Iba1)-immunostained microglia exhibit a
ramiﬁed or surveying phenotype, followed by an intermediate
form with shorter processes, less arborization, and larger soma
(Thored et al., 2009). Few express an amoeboid or round mor-
phology (Figures 1A–D). There are partly overlapping subpop-
ulations of microglia expressing the phagocytic marker ED1,
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associated with a pro-inﬂammatory proﬁle, as well as major
histocompatibility complex (MHC) class II, insulin-like growth
factor-1 (IGF-1), and triggering receptor expressed on myeloid
cells-2, the three latter molecules being associated with alter-
native or anti-inﬂammatory microglia activation (Thored et al.,
2009; Heldmann et al., 2011). Local proliferation of microglia
occurs, but parts of the subependymal microglia population
are also blood-born (Thored et al., 2009; Heldmann et al.,
2011). Interestingly, following middle cerebral artery occlusion
microglia develop different morphological phenotypes within
the subependymal layer compared to the striatal peri-infarct
area. The differences are evident at least 16weeks post-injury,
including fewer amoeboid and round microglia morphologies
and an up-regulation of IGF-1 in the subependyma. This may
imply a region-speciﬁc, permissive microglia population within
the neurogenic niche (Thored et al., 2009). However, a region-
speciﬁcdepletionof partsof themicrogliapopulation(expressing
CD11b/Mac-1) within the subependyma, early after an ischemic
lesion in rats, did not alter the number of newly formed neurob-
lasts in the striatum or their migratory distance (Heldmann et al.,
2011).
In the hippocampal SGZ of rodents housed in an enriched
environment, increased number of Iba1+ microglia co-labeled
with the anti-inﬂammatory factors IGF-1 and MHC class II,
were found together with T cell recruitment and an increase in
neurogenesis. Moreover, T cell deﬁcient mice showed reduced
neurogenesis, which could not be overcome by an enriched
environment (Ziv et al., 2006). The ﬁndings suggest a ben-
eﬁcial role of SGZ microglia possibly instructed by CNS-
speciﬁc T cells. Conversely, following seizures and in neurode-
generative models of Alzheimer’s disease, an increased num-
ber of Iba1+ microglia expressing ED1 is evident both acutely
and chronically, and primarily cytotoxic for the new neu-
rons (Ekdahl et al., 2003; Bonde et al., 2006; Biscaro, Lind-
vall, Tesco, Ekdahl, Nitsch, unpublished observation). Taken
together, microglia are capable of developing both pro- and
anti-inﬂammatory activation proﬁles in neurogenic brain areas.
Moreover, it is possible that under certain circumstances the
temporal and spatial constitution of the activation may even be
region-speciﬁc.
Apart from the heterogeneous morphology and plethora of
immune mediators, the motility and dynamic conﬁgurations of
the microglia are also likely to reﬂect different functional aspects.
Microglial processes are highly mobile and continuously rebuilt.
Two-photon imaging of neocortex has shown active microglia
continually surveying their microenvironment even in the nor-
mal brain (Nimmerjahn et al., 2005). The motility of microglia
and perhaps region-speciﬁc features within the neurogenic niches
remains to be characterized.
MICROGLIA – BENEFICIAL AND DETRIMENTAL FOR
NEUROGENESIS
Inthelasttwodecadesmanystudieshaveimplicatedacentralrole
for brain parenchymal microglia as well as systemic immune cells
during the generation of adult-born neurons (Ekdahl et al., 2009;
Whitneyetal.,2009;Molina-HolgadoandMolina-Holgado,2010;
Russo et al., 2011a). Among the ﬁrst evidence for a beneﬁcial role
of microglia or microglia-released mediators are in vitro studies
on neural stem cell cultures, where the formation of neuroblasts
could be rescued by co-culturing with microglia or conditioned
media from microglia (Aarum et al., 2003; Walton et al., 2006).
This “pro-neurogenic” function of microglia has since then been
further supported by a number of studies from the group of M.
Schwartz. Originally, they demonstrated that microglia activated
with cytokines related to T cell helper cells promoted neuroge-
nesis in vitro (Butovsky et al., 2006) and that CNS-speciﬁc T
helper cells regulate hippocampal neurogenesis in vivo (Ziv et al.,
2006). Interestingly,mice devoided of T cells or both T and B cells
showed impairments in several hippocampal-dependent spatial
learning tests (Kipnis et al., 2004; Brynskikh et al., 2008; Ron-
Harel et al., 2008), which could be improved by replenishing T
cells or boosting T cell activation by agonist of self-reactive T
cells (Kipnis et al., 2004). Even more intriguingly was the ﬁnd-
ing that cognitive tasks increased the number of T cells located
withinthemeningealspaces,whereTcelldepletioninducedapro-
inﬂammatoryphenotypeofthemyeloidcells(Dereckietal.,2010).
Since neurogenesis is thought to be important for hippocam-
pal plasticity and memory formation, the health of the systemic
immune system could possibly directly or through the interaction
with innate non-neuronal cell types, like microglia, continuously
shape neuroplasticity in both the healthy and damaged brain.
Another recent reports on the beneﬁcial role of microglia for
newly formed neurons comes from Bachstetter et al. (2011) who
have studied the neuronal transmembrane chemokine fractalkine
(FKN)/CX3CL1 and its microglia-expressed receptor, CX3CR1-
pathway. Disruption of this pathway in young adult rodents
decreased both survival and proliferation of hippocampal neural
progenitor cells (Bachstetter et al.,2011). Unchallenged microglia
have also been demonstrated to engulf apoptotic bodies of neural
progenitorsintheSGZ.Duringnormalneurogenesisinthehealthy
brain, a large proportion of neural progenitors undergo apopto-
sis within their ﬁrst days in life. By rapidly removing cell debri,
the scavenging properties of microglia could have an important
regulator role at the early stages of neurogenesis (Sierra et al.,
2010). However, it is not fully clear whether the phagocytosis
is beneﬁcial for the surrounding newborn neurons by reducing
pro-inﬂammatory mediators, or may be detrimental by further
inducing apoptotic neuronal death (Magnus et al., 2001; Neher
et al.,2011).
The ﬁrst studies suggesting an acute detrimental role of acti-
vated microglia for neurogenesis were performed in rats follow-
ingintraparenchymallipopolysaccharide(LPS)injections(Ekdahl
et al., 2003; Monje et al., 2003). LPS-induced microglial activa-
tion led to a dramatic decrease in the survival of newly formed
hippocampal neurons. The pivotal role of microglial activa-
tion was further substantiated following both epileptic seizures
and irradiation, where hippocampal neurogenesis could be res-
cued by inhibiting microglia activation through either admin-
istration of the anti-inﬂammatory agent minocycline or non-
steroidal anti-inﬂammatory drugs (Ekdahl et al., 2003; Monje
et al., 2003). Pro-inﬂammatory cytokines like interleukin (IL)-
1, IL-6, and tumor necrosis factor (TNF), released acutely by
activated microglia, have been suggested as important mediators
between the microglia and the new neurons (Monje et al., 2003;
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FIGURE 1 | Microglia and newly generated neurons in the neurogenic
niche of the adult rat brain. (A–D) Photomicrographs showing four distinct
phenotypes of Iba1+ microglia. (E) Image of Iba1+ microglia within the
subgranular zone (SGZ) of the hippocampal dentate gyrus 6months after
electrically induced status epilepticus. Arrows mark microglia that express
Ki-67 , which implicate an ongoing proliferation. (F,G) Retroviral-GFP vector
labeling of 7-week-old adult-born neurons in the hippocampus following
vehicle or LPS-induced microglial activation.The cell bodies of the newly
generated neurons are located in the SGZ and granule cell layer of the
dentate gyrus.Their dendritic trees are visible throughout the molecular layer
and their axons extend into the dentate hilus and the CA3 region. Modiﬁed
from Bonde et al. (2006), Jakubs et al. (2008), andThored et al. (2009).
Iosif et al., 2006;Yirmiya and Goshen, 2011). Also prostaglandins
released by the microglia may negatively regulate different steps
of neurogenesis. In support, mice lacking cyclooxygenase-1 lack
both the acute LPS-induced decrease in proliferation, survival,
and differentiation of new hippocampal neurons (Russo et al.,
2011b).
When the initiating agent for microglia activation is no longer
present and the acute pro-inﬂammatory phase is over, an anti-
inﬂammatory cytokine proﬁle may develop, as shown after LPS-
stimulation (Cacci et al., 2008). This proﬁle may be beneﬁcial
for the newly formed neurons, since for instance administra-
tion of anti-inﬂammatory cytokines like TGF-β, has provided
beneﬁcial effects on neurogenesis in the subependyma (Mathieu
et al., 2010a). However, if the microglia are continuously acti-
vated, they may partly sustain their release of oxidative stressors,
which could be neurotoxic (Glass et al., 2010; Nathan and Ding,
2010;Polazzi and Monti,2010). The result may be disease-speciﬁc
interaction between microglia and the newborn neurons (Grae-
ber et al.,2011). Microglia are,though,important for terminating
immune/immune-like responses, by, i.e., recruitment of systemic
immune cells (Frank-Cannon et al., 2009; Shechter et al., 2009;
PolazziandMonti,2010;Rivest,2011;Ron-Hareletal.,2011),and
may thereby protect new neurons and even recruit neural progen-
itors for repair (Czeh et al., 2010; Mathieu et al., 2010b). The cor-
relation between seizure-induced microglial activation and neu-
rogenesis is a typical example of this complexity. A severe seizure
insult induces a strong transient increase in hippocampal neuro-
genesis (Parent et al., 1997), followed by a chronic decrease below
c o n t r o ll e v e l s( Hattiangady and Shetty, 2010). In the acute phase,
microglia activation is prominent within the SGZ and has been
suggested to compromise the early survival of the new neurons
(Ekdahl et al., 2003). Six months later, the microglial activation
is decreased but still present (Bonde et al., 2006; Figure 1E). This
may imply also a long-term negative correlation between the pro-
duction of new neurons and the chronically activated microglia.
However, the newly formed neurons generated directly after the
seizure insult, that survived the acute post-seizure environment,
are still present 6months later. They have even been estimated to
comprise about 10% of the total dentate granule cell layer. These
adult-born neurons are surrounded by the chronically activated
microglia, which may instead favor a possible supportive role of
the chronically activated microglia (Bonde et al., 2006). Because
the initial seizure insult is followed by additional spontaneous
seizures throughout the life of the animals, there is a possibil-
ity for recurrent triggering of the microglial activation. Whether
subpopulations of microglia with either detrimental or beneﬁ-
cial effect on the surrounding newborn neurons co-exist within
the neurogenic niche is not known and may be directly depend-
ing on the number of spontaneous seizures. The initial severity
of the seizure insult is directly correlated to both the number of
activated microglia as well as the neurogenic response (Mohapel
et al., 2004). In addition, parts of the newly generated neurons
migrate aberrantly out into the dentate hilus, which may perhaps
beduetothewell-knownseizure-induceddeathof hilarinterneu-
rons and the prominent population of activated hilar microglia.
Collectively, these ﬁndings support a primarily beneﬁcial inter-
action between microglia and new neurons in the intact brain.
However,the cross-talk is complex and probably double-edged in
pathologicalconditions,especiallyfollowinglong-termmicroglial
activation.
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THE ROLE OF MICROGLIA DURING FUNCTIONAL
INTEGRATION OF ADULT-BORN NEURONS – AN EQUALIZER
AMPLIFYING AND FILTERING SYNAPTIC SIGNALING?
Until now, most studies on the cross-talk between microglia and
adult-born neurons have focused on the effect on the early stages
of neurogenesis,such as proliferation,survival,and neuronal fate.
The role of microglia at later stages of neurogenesis, i.e., during
synaptic assembly,stability,and transmission is less characterized.
Today, there is no direct evidence that microglia could regu-
late synaptic integration of adult-born neurons. However, there
is some evidence and several suggestions that microglia regulate
synaptic pruning and transmission in mature neurons, currently
a fast expanding research area. Three main working hypotheses
can be put forward for how microglia may also regulate synaptic
integration of adult-born neurons: (1) involvement of microglia
in synaptogenesis and pruning, (2) modulation of perisynaptic
structures,and (3) spine structure and synaptic transmission.
MICROGLIA MAY BE INVOLVED IN SYNAPTOGENESIS AND PRUNING
OF SYNAPSES ON ADULT-BORN NEURONS
This hypothesis is based on recent studies describing
how microglia may be involved in synaptic elimina-
tion/stripping/pruning by phagocytic engulfment of synapses on
mature neurons in the healthy brain (Paolicelli et al., 2011; Trem-
blay and Majewska, 2011). By electron microscopy and two-
photon in vivo imaging of the primary visual cortex of juvenile
mice during visual manipulations, subtle changes in the behavior
of quiescent microglia were observed. This included geomet-
ric regulation of perisynaptic extracellular spaces, contact with
subsets of structurally dynamic and transient dendritic spines,
and phagocytic engulfment of intact synapses (Tremblay et al.,
2010; Tremblay and Majewska, 2011). The ﬁndings were fur-
ther substantiated by Paolicelli et al. (2011) proposing synaptic
pruning by microglia during postnatal development in mice.
Mice lacking microglia expressing the chemokine FKN recep-
tor CX3CR1, exhibited a transient reduction in microglia num-
ber correlated with a delayed synaptic pruning. This resulted
in an excess of dendritic spines and immature electrophysio-
logical properties of CA1 pyramidal neurons at P13 and P16
in the CX3CR1 knockout mice (Paolicelli et al., 2011). The
occurrence of synaptic pruning has also been correlated with
the duration of the microglia-synaptic contacts. In vivo imag-
ing studies of the ischemic brain, suggest more persistent con-
tacts between microglia processes and dendritic spines and axon
terminals, compared to the transient 4–5min of normal con-
tacts observed in the healthy brain. Following longer interac-
tions in the pathological environment, these contacted synapses
often disappeared (Wake et al., 2009; Kettenmann et al., 2011).
In several brain pathologies, such as following axonal lesions or
immune mediated-cortical lesions, pruning of synapses from the
perikaryonanddendritesisevident.Thesuggestedconsequenceof
synaptic pruning during these conditions has been neuroprotec-
tion (Cullheim and Thams, 2007; Trapp et al., 2007; Kettenmann
et al.,2011).
An interesting possible signaling pathway between the
microglia and the synaptic structures on the new neurons is
the complement cascade. Since the complements are involved in
opsonization and cytolysis, they have become attractive possible
candidates for executing synaptic pruning in both the healthy and
injured brain. Mice deﬁcient in the initiating protein in the clas-
sical complement cascade, C1q, exhibit large sustained defects
in synapse elimination, excessive excitatory synapses and axon
terminals in mature neurons (Stevens et al., 2007; Chu et al.,
2010). Neural progenitor cells and immature neurons express the
receptors for complement fragments C3a and C5a. C3a stimu-
lates neuronal migration and differentiation, by modulating stro-
mal cell-derived factor-1a-induced extracellular-signal-regulated
kinases phosphorylation. Mice lacking C3 signaling (including
C3aandC5a)havereducedbasalneurogenesisaswellasdecreased
survival of ischemia-generated new striatal neurons (Rahpey-
mai et al., 2006; Shinjyo et al., 2009). Also complement receptor
2 (Cr2) is expressed in adult neural progenitor cells from the
dentate gyrus, though, Cr2 knockout mice exhibit increased hip-
pocampal neurogenesis (Moriyama et al., 2011). Together these
results suggest a fundamental role of the complements for neu-
rogenesis, including proper synaptic pruning and integration of
newly formed neurons. However, in a mouse model of glaucoma,
unwanted synapses may be tagged by complement for elimina-
tion,which suggests that complement-mediated synaptic pruning
can become aberrantly reactivated in neurodegenerative disease
(Stevens et al., 2007). In human temporal lobe epilepsy with
hippocampal sclerosis, the complements factors are expressed
in both astrocytes, mature neurons and microglia, but partic-
ularly in microglia (Aronica et al., 2007). Whether it is really
the microglia that eliminate the complement-tagged neuronal
synaptic terminals on either mature or newly formed neurons,
in the intact and the damaged brain, is not yet shown (Perry
and O’Connor, 2008; Tremblay and Majewska, 2011). Another
suggested pathway between microglia and newborn neurons is
the MHC class I and its related receptors, which is expressed
in both microglia and in neurospheres and the subependymal
layer (Popa et al., 2011). MHC class I molecules have been
shown to inﬂuence both the strength and pattern of synap-
tic elimination (Cullheim and Thams, 2007; Kettenmann et al.,
2011).
MICROGLIA MAY MODULATE THE PERISYNAPTIC STRUCTURE OF
SYNAPSES ON ADULT-BORN NEURONS
Microglia might affect synaptic transmission though proteolytic
modiﬁcation of the perisynaptic environment (Tremblay and
Majewska, 2011). This would include inactivation, degradation,
and/or activation of the ECM, leading to compartmentalization
of proteases, ions, cytokines, and neurotransmitters within indi-
vidual synapses. One interesting possible pathway is through the
matrix metalloproteases (MMP), such as MMP-9, shown already
to be involved in the migration and differentiation of adult
neural progenitor cells in the subependymal layer (Barkho et al.,
2008) Another candidate is via a disintegrin and metalloproteases
(ADAMs), implicated in dopamine-induced release of epidermal
growthfactorfromstemcellsinthesubventricularzone(O’Keeffe
and Barker, 2011). Proteolytic remodeling of the ECM by MMPs
may convert trophic factors to their biologically active forms (i.e.,
vascular endothelial growth factor and TGF-β) and thereby inﬂu-
encesynapticintegration.ECMligands,suchasintegrinreceptors,
www.frontiersin.org March 2012 | Volume 3 | Article 41 | 5Ekdahl Microglial activation and neurogenesis
provide outside-in signals for cells to sense their microenviron-
ment.Thisleadstomodulationofreceptortyrosinekinases,which
closely cooperate with growth factors (Wojcik-Stanaszek et al.,
2011).
MICROGLIA MAY MODULATE THE STRUCTURE OF DENDRITIC SPINES
AND SYNAPTIC TRANSMISSION IN ADULT-BORN NEURONS
Another mechanism by which microglia may regulate neuronal
activity is through remodeling of dendritic spine morphology,
including size, shape, and motility (Tremblay and Majewska,
2011), as well as synaptic adhesion and transmission. The den-
dritic structure is closely associated with its synaptic activity and
activity-driven changes in synaptic efﬁcacy may modulate spine
morphologyduetoalterationsintheunderlyingactincytoskeleton
(Fortin et al.,2011).
There are also several immune mediators involved in synaptic
remodeling of mature neurons. For instance, in cultured hip-
pocampalneurons,TNFreceptor-associatedprotein1knockdown
modulated the morphology of dendritic spines (Kubota et al.,
2009). TNF deﬁcient mice displayed also smaller dendritic trees
in the hippocampus (McCoy and Tansey, 2008). Furthermore,
mice lacking IL-1β receptor had reduced dendritic spine size
(Goshen et al., 2009) and IL-6 over-expression in cerebellar gran-
ule cells caused impairments in granule cell adhesion, migration,
and increased formation of excitatory synapses on granule cells
(Wei et al., 2011). MicroRNAs, which may control the expression
of hundredsof genes(Schrattetal.,2006),wererecentlysuggested
to be interacting with immune mediators. Knocking down miR-
132 in PC12 cells resulted in an increased expression of especially
pro-inﬂammatory molecules. Interestingly,retroviral knockdown
of miR-132 impaired the integration of newborn neurons in the
adulthippocampus.(Luikartetal.,2011).However,whetherornot
the structural synaptic changes in either mature or newly formed
neurons directly depend on cytokines released by the microglia is
not clear.
When synapses have been established, microglia might ﬁne-
tune the synaptic strength to ensure proper synaptic transmission
and plasticity (Beique et al., 2011). Mice lacking CX3CR1 show
alterations in both hippocampal long-term potentiation (LTP)
and long-term depression (LTD), supporting a microglia-driven
neuronal plasticity during development and in mature neurons
(Bachstetter et al., 2011; Maggi et al., 2011; Paolicelli et al., 2011).
In addition, LPS-activated microglia in acute mice hippocampal
slices enhance the frequencies of excitatory postsynaptic currents
in mature neurons. This effect was abolished by applying puriner-
gic antagonists,especially against the P2Y1 receptor,which is only
expressed on interneurons and astrocytes in the hippocampus. By
producing ATP, microglia may thereby act on astrocytes through
purinergic signaling, which could amplify the ATP production,
release glutamate, and act on mature neuronal glutamatergic
receptors (Tremblay et al., 2011). Moreover, prolonged changes
in electrical activity may lead to uniform adjustments in the
strengthofallsynapses,calledhomeostaticsynapticscaling/tuning
(Stellwagen and Malenka, 2006). Synaptic scaling in response to
prolonged blockade of neuronal activity in vitro can be mediated
by TNF-α from glial cells (astrocytes and/or microglia; Stellwagen
and Malenka, 2006). Also, TNF-α may increase the expression of
AMPA receptors on synapses (Pickering et al., 2005), resulting in
excitatory synaptic scaling,and decrease GABAA receptor expres-
sion (McCoy and Tansey, 2008). When adult-born hippocampal
neurons integrate into a pathological environment,hosting either
seizure- (Jakubs et al., 2006) or LPS-induced microglial activa-
tion (Jakubs et al., 2008; Figures 1F,G), they possess an increased
inhibitory synaptic drive onto their afferent synapses, compared
to new neurons formed in healthy conditions. Conversely,in a less
severe seizure-environment,without a prominent microglial acti-
vation,thisincreaseislacking(Woodetal.,2011).Howorwhether
it is really the microglial activation that account for these changes
observed in the synaptic transmission of newborn neurons needs
further investigations,though, it is a tempting speculation.
Microglia may also regulate synaptic transmission in newly
formedneuronsbydirectlytargetingsynapticadhesionmolecules.
Seizure-inducedmicroglialactivationisassociatedwithstructural
changes in dendrite spine formation (Murphy et al.,2011),as well
as altered expression of synaptic adhesion molecules and scaf-
foldingproteinsonnewlyformedhippocampalneurons(Jackson,
Chugh, Nilsson, Karlström, Lindvall, Ekdahl, unpublished obser-
vation). In support, several adhesion molecules have been shown
to modulate synaptic integration of newborn neurons. One of the
most studied adhesion molecules is the polysialated neural cell
adhesion molecule (NCAM), which is speciﬁcally expressed on
new neurons (Gascon et al.,2010).Another interesting pathway is
theN-cadherin/beta-catenin/neurogeninsignalingcascade,which
has been shown to modulate adhesion, neuronal differentiation,
and neurite outgrowth in neurospheres (Chen et al., 2006). Also
the adhesion molecules neuroligin 3 and 4 are involved in presy-
naptic differentiation and synapse formation in human induced
pluripotentstemcell-derivedneurons(Kimetal.,2011).Theadhe-
sion molecules may be regulated by immune mediators released
by microglia, such as TNF. A recent report described reduced
expression of the N-cadherin by TNF receptor-associated protein
1 knockdown in cultured hippocampal neurons (Kubota et al.,
2009).
CONCLUDING REMARKS
Various brain pathologies and physiological stimulations modify
neurogenesis (Zhao et al., 2008). Two of the strongest modula-
tors include epileptic seizures involving the SGZ of the dentate
gyrus (Bengzon et al., 1997; Parent et al., 1997; Jakubs et al.,
2006) and ischemia close to the subependymal layer (Arvidsson
et al., 2002). Understanding the signaling pathways between the
new neurons and the environment within the neurogenic niches
in pathological conditions, may yield new targets for therapeu-
tic interventions. Several drugs are currently studied in order to
increase the neuroprotective functions of microglia or to shift
the microglial phenotype toward neuroprotection (Polazzi and
Monti,2010).However,microgliainparticularmayexhibitstrong
compensatorymechanismsuponexternalmodulationandquickly
rearrange their proliferation capacity and phenotypic character-
istics. The heterogeneity of the microglial activation makes pre-
dictions of the outcome from immune-modulating therapies very
difﬁcult(Rivest,2011).Futurestudiesontheimpactofmoresubtle
tunings of the cross-talk between microglia and the newly formed
neurons may perhaps ease these interventions.
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